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I. INTRODUCTION

Transition metal layer lattice compounds , molybdenum disulfide in

particular , have found application as solid lubricants. A layered solid must

meet two requirements in order to function as a solid lubricant: ( 1) it must

exhibit sufficiently facile intracrystallite slip , and (2) it must adhere to the

substrate to be lubricated. The question of intracrystallite slip , i . e .,  the

low resistance of certa in layered structures to shearing stresses, has already

been addressed at some length in the literature. Qualitative theories attempt- I

ing to relate intracrystallite slip to atomic bonding ~n transition metal layered

compounds have been advanced , 2 , ~ but the adhesion of solid lubricants to the

substrate has received much less attention. In a recently publ ished pape r,

the degree of surface coverage of MoS2 films, burnished o~rto metal substrates

by a standard techn ique , was shown to correlate with the atomization energie s

of the appr-)priate transition metal sulfides. Atomization energies are readily

obtained from tabulated thermodynamic propertie s and are a roug h measure

of bond strengths. The rr’ost pertinent results of these prio r experiments,

the coverages observed on the several substrates and the substrate metal-

sulfide atomization energies, are summarized in Fig. 1. A correlation

is apparent.

The observed adhesion of MoS2 was explained by Stupian et al. 4 wi thou t

any reference to surface oxides. Since all metals have a surface oxygen film

at normal temperature and pressure , thi s omis sion was of some concern.

Our preliminary laboratory observations of the behavior of burnished films

- 5 —  
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on deliberately oxidized metal surfaces yielded apparently contradictory

results . The present study was undertaken to fu r ther cla rif y our under-

standing of MoS 2 adhesion. It was found that the substrate metal-sulfur bond

is indeed of primary importance in MoS 2 film adhesion, in agreement with

the findings of Stup ian et al. 4 However , the substrate metal atoms must be

accessible to the sulfur in order for the se bonds to form. On some metals ,

e.g., copper , it was found that surface oxygen is not present  as an oxide

but in a precursor state less ti ghtly bound than in an oxide. The formation

of substrate metal-sulfur bonds by di splacement of oxygen is facilitated by

the existence of thi s precurso r state. On metals with mo re stable surface

oxides , e .g . ,  titanium, oxygen lattice vacancies are  present  that again effec-

tively expose surface metal atoms to sulfur. Experiments in which MoS2 film s

were burnished onto both oxidized metals and onto metal oxide single c rys t a l s

are reported here. All observations are consistently interpreted in terms of

the nature of the oxygen initially present on the metal surfaces.

-7- -
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Ii. EXPERIMENTAL PROCEDURE

Burnishing experiments were carried out on both titanium and copper

specimens. These metals were subjected to several preparative treatments

as well as different degrees of oxidation. The burnishing experiments were

also performed on oxidized and reduced Ti02 
single crystals. All specimens

were characterized by x-ray photoelectron spectroscopy (XPS) .

A. SPECIME N PREPARATION

Copper samples were cut from a sheet of oxygen-free 
high~conductiVitY

(OFHC) material. Titanium specimens were commercially 
pure (>99.7%).

Specimens were cut to a size (o2. 2 x 1 cm) convenient for  both burnishing and

mounting for XPS analysis. Specimens were cleaned , either .meChanicallY or

chemically, and rinsed in distilled water.

Mechanical polishing was accomplished by using a polishing wheel with

600 grit paper (generally with a continuous water flow) followed, in some

cases , by further polishing with a 0 . 3 -u r n  A1203 slurry.

A solution of 55% H3
P04, 25% CH3

COOH, and 20% HNO3 
(by volume of —

the concentrated acids) was used to chemically clean the copper 
specimens.

Titanium specimens were cleaned in concentrated H2S04 since the 
expected

surface oxide (Ti02
) is soluble in this acid.

Copper was oxidized either by exposure to a heat gun or by plac ing

specimens on a hot plate . Several distinct stages in the formatio n of an oxide

film are clearly visible when copper is heated in air. After a few minutes

b
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exposure to a heat gun or on a ho t  plate , a cleaned p iece of copper develop s a

b rowri i sh f i l m .  The f i lm sp read s tr o i n  seve ral nuclea t ion  p o in t s  u n t i l  th e

s u r f a c e  appears unifo rm . Fur ther  heat ing resul ts  in a not iceably t h i c k e r  gray

film that , once again , appears unifo rm after spreading from several nuclea-

tion sites. Still further heating results in the flaking-off of a black oxide

layer. Future reference to oxidized copper will include either the unifo rm

film produced by the heat gun or the thicker uniform film obtained with the

hot plate before flaking of the surface. The utility and validity of this classi-

fication is discussed later. Titanium metal was oxidized on a hot plate until

a unifo rm gold (interference) color was obtained .

Single crystal Ti02 specimens were nominally pure rutile grown by the

National Lead Company. Spectrochernical analysis showed the impurity level

in these crystals to be ~ 0.005%. Experiments were carried out on the c - f a c e s

of these single crystals , which were f i r s t  polished with 1-pm A1203 slur ry .

The crystals were then either heated at 600°C in one atmosphere of 0
~ over-

night or reduced by heating for 1 hr at 600°C in I atm H2. The crystals were

initially colorless and transparent.  Heating in an oxidizing atmo sphere did

not alter their appearance. Heating in a reducing atmosphere under the con-

ditions described resulted in a nearly opaque crystal that appeared lustrous

and greyish-blue to black.

The molybdenum disulfide used in this study was a commercial grade

material (Mol ykote Z , Dow Corning Corp. ) .

B. APPARATUS AND MEASUREMENTS

The x-ray photoelectron spectrometer used for surface characterization

of specimens was a McPherson In strument Corporation Model ESCA 36.

-10-
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X - r a y  excited Auger  electron spectra (AES) can be obtained with the

ESCA 3b spec t rometer .  Auge r spectra are often quite usefu l  in d i s t ingu ishin~z

di f f e ren t  oxides , espec iall y wh en used in conjun ction wit h photoelectron

spec t ra .  ° It was convenient to use an Auger  spectromete r with electron

exc itat ion ( P hy s i c a l  Electronics Industries Model 10-500)  for  su r f ace  char-

ac t e r i za t ion  f ~~~in e  t i tanium specimens.

In the p r e s e n t  stud y, oxygen is (0 is )  x - r a y  photoelectron spectra were

ob tained for  all specimens.  Copper Zp photoelectron spectra , x - r ay exci ted

copper LMM Auger spectra , and Ti Zp photoelectron spectra (and sometimes

electron-excited Ti LM~vI AES) were recorded. An XPS peak is  denoted b y

the corresponding atom~.c energy level, e.g. , is, 2p1,2, 
whereas an A uger

pea k is deno ted by specif ying the three energy levels involved in th e Auger

transit ion using the x-ray notation for these levels , e . g. , KLL, LMM.

XPS survey scans covering 0-1000 eV binding energy, which should reveal

all elements present on the specimen surface, were made for each specimen

to ensure that result s were not in fluenced by unexpected contaminants.

Photoelectron energies were measured relative to the hydrocarbon con-

tamination C is peak, assumed to be at 284. 6 eV. Specimen charging was

not a problem. Consistent results were obtained with the hydrocarbon

refer ence.

Molybdenum disulfide was applied to all specimens in a reproducible

manner by using a rotating steel ball covered with a lint-free cloth loaded

with MoS2
. The ball was run against the specimens (in air) for 30 sec at

750 rpm at a total load of 1 00 g. The burnishing apparatus was the same

S — 1 1 —
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decice  used in our ear l ier  work . Assessment  of the degree of specimen

surface coverage obtained was made by observation of the circula r burnish

spots through an optical microscope.

-12-
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III. RESULTS

A. COPPER

Photoelectron and Auger electron spectra were obtained for chemically

and mechanically polished copper and for copper specimens deliberately

oxidized as described earlier. Both 2p photoelectron and LMM Auger  spectra

for cleaned copper, Cu20, and CuO have been published . 
6 The Zp peak

appears as a doublet because of spin-orbit interaction . In CuO, each compo-

nent of the doublet is broadened relative to metallic copper and Cu 20 because

of multiplet splitting. Satellite peaks resulting from an electron shakeup

process are observed on the high binding energy side of each doublet compo-

nent in CuO. Inasmuch as both multiplet splitting and shakeup are  associated

with an unfilled d-band, these effects are seen only in CuO (3d 9) and not in

metallic copper or Cu 20 in which the d-band is comp letely filled. 7~. 8 In fact ,

the Cu Zp photoelectron spectra of clean copper and Cu2O are indistinguishable;

however, the LMJ~1 Auger spectra of these materials are distinct . Use of both
6XPS and AES permits differentiation among aU three materials.

The clea. r coppe r spectrum in the published work discussed above

was obtained from copper film deposited under high vacuum . Subsequent

heating of the evaporated copper films in air, sometimes followed b y partial

reduction by heating in vacuum, produced adherent films of CuO and Cu20 as

desired. Our mechanically and chemically polished copper Cu Zp and LMM

Auger spectra matched those published for clean copper. Copper oxidized

with a heat gun and copper more heavily oxidized on a hot plate had spectra

- 13-
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matching those of Cu 2O and CuO, respectively . The observed shapes ot the

Cu Auger spectra agree well with published spectra. The energy shift of the

most prominent Auger peak be tween u clean ?? Cu , Cu 2O, and CuO is somewhat

less than the published values but is in the right direction. The spectra are

not reproduced here.

Examination of the oxygen is photoelectron spectra revealed differences

among the various copper specimens. Distinct components of the 0 Is spectra

were resolved by fitting Gaussian peaks to the experimental curves. Each

observed spectrum could gene rally be reproduced by superposition of two

Gaussian peaks , although, in some instances, an oxygen spectrum contained

one or three components. Average peak positions and width s [defined as the

full width at half maximum (FWHM)] are given in Table I. There is some

evidence of a peak at about 532. 5 eV with FWHM of 2. 5 eV on both mechan i-

cally and chemically polished specimens, but this peak did not have sufficient

intensity for satisfactory resolution.

Photomicrographs of clean and oxidized copper surfaces to which MoS 2

had be en applied are shown in Fig. 2. Cellophane tape was applied, and

removed , three times to these burnished specimens in order to remove loose

MoS 2 particles , which can deceiv e the observer when making assessments  of

coverage . A qualitative assessment of the degree of surface coverage of

burnished MoS2 indicated that coverage was less on both oxidized surfaces

(Cu2
0 and CuO) than on copper surfaces that had not been deliberately oxidized.

B. TITANIUM

The Zp photoelectron spectrum of titanium consists of a spin doublet

with components corresponding to the 2p112 
and Zp3~,2 energy 

levels . All

: 

-14-
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Table I. Oxygen Spectra on Coppe r

Component I Componeni ~
Specimen preparation — 

~~~Po sition , FWHM, Position , F\.  fl- - ’ .
eV cV e ~

Mechanically polished 531 .4 ± 0 . 2  2 .2  ± 0 .2  530.0 ± 0 . i  1. ’ ± - - . 1

Chemically polished 532 .0  ± 0 . 2  2 .6  ± 0.1 530. t ’  ± 0 .2  1 .

Lightly oxidized 531.4 ± 0.4 2.2 ± 0.3 530.fl ± 0 . 3  1 . 2 .  ‘~~~. - _

More heavily oxidized 531 . 1 ±  0 .1  2 . 2 ±  0. 1 5 2 9 . 5 ± 0 . 3  1 . 2 ~~~

aF l i  width at half maximum

*

- 1 5-
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Fi g. 2 . Photomicrographs I l lus t ra t ing

Differences in Adhesion of
MoS 2 on (a) Chemicall y
Polished ‘Clean~ Copper and
(b)  Oxidized Copper (Heated
on a Hot Plate in Ai r)
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specimens examined in this stud y, viz , mech an ical ly and chemically polished

titanium, oxidized titanium metal, and Tb 2 single crysta ls , have this

cha racteristic Zp spin doublet with a peak shift that indicates the t i tanium

is oxidized. 9 On the mechanically polished specimens , Zp peaks f rom

the underlying zero- .valent metal were visible, which indicated that the

oxide film was thinne r in this case than for the chemically cleaned (in H 2S04
)

titanium. Electron-excited LMM Auger spectra also confirmed , by compa ri-

son with the literature, that titanium was present as Ti02 at all specimen

10
surfaces.

The 0 is photoelectron spectrum on Ti/TiO 2 specimens consisted of

two resolvable peaks, one centered at 529.8 eV (FWHM 1.4 eV) and the other

at about 531. 6 eV binding energy (FWHM 2. 1 eV). The higher binding energy

peak usually appeared as a shoulder on the 529.8 eV peak. Figure 3 show s

an 0 ls spectrum of oxygen on mechanically polished titanium that is typ ical

of both chemically and mechanically polished titanium and of deliberately

oxidized titanium metal. More significant results were obtained on Ti0 2

single crystals . The 0 ls spectra of oxidized and reduced (as described

earlier) Ti02 single crystals are shown in Figs. 4(a) and 4(b), respectively.

Note that two peaks are apparent . On oxidized Ti02, the ratio of the area of

the 529.8 eV peak to that of the 531.6 eV peak is about 1 .7 , whereas on the

reduced surface , this ratio is about 2 .9 .  These area ratios were determined

by fitting two Gaussian curves to the data.

Burnishing experiments indicated quite conclusively that MoS 2 adheres

more readily on the reduced than on the oxidized Ti02 . This difference in

.‘ 17..
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adhesion on the oxidized and reduced surfaces is shown in Figs. 5(a) and

5 (b) , respectively. There is essentially no adhesion of MoS2 on the oxidized

surface (although a few large pieces are evident), whereas the reduced

surface in the burnished region has substantial MoS2 covcrage . It is

difficult to see MoS2 
on the dark, nearly opaque reduced Ti02 surface unless

it is illuminated by reflected light at a low angle of incidence. Under these

conditions, the MoS2 is clearly visible.

Small pieces of Zr02 were available. MoS2 was rubbed on the Zr0
2

with a “Q-tip ” cotton applicator swab. Microscopic examination revealed

absolutely no adhesion of MoS2 on thi s oxide (the small sizes of the ZrO 2

pieces precluded both burni shing by our standard technique and XPS

characterization).

-2 1-
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IV. DISCUSSION

The results presented in the preceding section and the general  question

of the adhesion of MoS2 (and presumably other layer lattice compounds) to

real metal surfaces, i.e., metals that may be covered by a surface oxide

laye r , may be understood through an extension of our previously published

work . We discuss f i rs t  the interpretation of our data on surface  characteri-

zation , then consider the adhesion of MoS2 to metal surfaces  in light of this

information, and finally comment on the prediction of MoS2 adhe sion.

A. SURFACE CHARACTERIZATION OF OXIDIZED METALS

1. COPPER

Distinct 0 is XPS peaks were observed on copper and oxidized Coppe r.

As electron s are t ransfer red  from oxygen to a cation , i .e . ,  as the cation-

oxygen bond strength increases, increasing negative charge facilitates the

escape of photoelectrons from oxygen, and the position of the 0 ls peak move”

lower on the binding energy scale . For cations , the XPS binding energy

increases as atomic charge increases.  This point is mentioned here  exp licitly

to preclude any possible misinterpretation during subsequent discussion.

It is reasonable to identify the most prominent, and lowest binding

energy, peak in the 0 is XPS spectrum of known (from Cu XPS and Auger

2-
measurements) oxide surfaces as arising from lattice oxygen , 0 . From

Table I, this peak occur s at 530.0 ± 0 .3  and 529 .5  ± 0.3  eV in Cu 20 and CuO,

respectively. The observed energy difference between o2 in Cu 2O and CuO

is in agreement with the l i terature , although th e observed peak positions
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diffe r somewhat when the lite ra ture  values are  correc ted  for  a sli ghtl y d i [fer . rit

assumed h ydrocarbon C Is re ferenc e peak binding ene rgy .  Calculation of

the oxygen partial charges , following the method of Sanderson , 12 
leads to th e

opposite conclusion; CuO should appear at a position hi gher than that of Cu 20

2- -on the binding energy scale . However , the identity of the 0 peak in CuO is

reinfor ced by our observation of the 0 is spectrum of powdered CuO, which

has its la rges t  component at 5 2 9 . 2  eV with a FWHM of 1 .3  eV.

Other peaks in the oxygen XPS spectrum of copper and oxidized copper

have been identified with 0H and strongly chemisorbed 0 . The 530. 0 eV

peak on mechanically polished copper , with its 1. 2 eV width , could r ep resent

the initial stage of the formation of Cu 20; however , Cu Auger measurements

show only “metaiiic~ copper. The ratio of the area of the 530. 0 eV component

to the area of the 531 .4 eV component is about 0. 5 on mechanically polished

copper; lattice oxygen , if it occurred at all, would be a minority species.

One specimen of chemically polished copper exposed to air and water  for

some minutes did visibly discolor , and oxygen peaks were found at 531. 8 eV

(FWHM 2 .2  eV) and 530. 1 eV (FWHM 1.2  eV).  The peak at 53 1.4  eV may

thus be due to OH , in reasonable agreement with Robert , Bartel , and

Offergeld . In any event , the positive identification of these peaks is not

essential to our argument concerning MoS2 adhesion. The fact that oxygen

peaks on both mechanically and chemically polished copper that have a higher

energy on the XPS binding energy scale indicates that oxygen in the corre-

sponding states is actually less tightly bound than is oxide oxygen. In the

-24- 
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case of surface OH group s, the fact that hydrox ides genera ll y lose w a t e r  dt

temperatures  much lowe r than the melting t empe ra tu r e s  of oxides also s t ~-

ports the statement that the bonding of the OH groups to the sur face  is weak :

2-relative to the bonding of 0

2. TITANIUM

The in terpre ta t ion of our observations on titanium pr esen t s  g r e a l e r

challenge . Both XPS and AES of clean and oxidized titanium metal i dcnt i ~ ,

the surface as TiO 2, and yet MoS 2 adheres well to such specimens. The

solution to this puzzle is provided by the XPS observations of Ti0 2 sing le

crystals.  The most prominent peak in the 0 is spectrum of both Ti0 2 h eat e d

in oxygen and TiO 2 heated in hydrogen at 529 .8 eV binding energy is identi-

fied as the ~~~ peak. The peak at 531. 6 eV, which is m uch more p rominen t

on the specimens heated in oxygen, is interpreted as represent ing  more

loosely bound surface oxygen rather than lattice oxygen , as in the case

copper.  However , in contrast to copper , this oxygen is still boun d ti~ h i 1 y

enough to prevent MoS2 adhesion on oxidized surfaces .

Note that while oxygen associated with the 531.6 eV peak on TtiC i , is

not removed by burnishing, oxygen with nearly the same XPS binding en e r g ~—

on copper is displaced. The observed XPS binding energy ref lects  ch a n e e s

in oxygen partial charge.  Nearly equa l XPS binding energies have been

observed for oxygen adsorbed on a number of different metals , and li i i-

observation was take n to imp ly similar electronic environments.  13 1 - 1ev V I

the oxygen-substrate bond energy, which determines ease of oxygen rein vu. i -

is influenced by other factors in addition to partial charge , e . g . ,  i n t e r a t - l ic

distance.
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In a TiO , c r y s t a l  ( r u t i l e ) , each oxyg en  a tom is coordina ted  to  t h r e e

t it Lil ium a toms j O  t I n -  bu lk .  On a c - face , some ox ygen atoms in the outer

layer  a r e  cI ) ordmat ed  to  oui y one or  two t i tanium atom s, whe reas  oxygen

atoms in deeper  iaye r~ a r~ still coordinated to th ree  ti tanium atoms. The

O~~ ox ide peak p r e su m a b l y a r i ses  f rom those oxygens coordinated to three

t i t a nj u i n s .  T~ie 531. t eV peak represents  oxygen less tightly bound than

bulk O~~~, p ronab l y oxygen bound to one (or  two ) t i tanium atoms.  It is also

p oss ib l e  that  th is  less ti ghtl y bound oxygen may be in OH g roups .  When TiO 2

is heated in hy drogen , much of this less ti ghtly bound oxygen is removed as

H~~O, as evidenced b y the dec rease  in magnitude of the 531. 6 eV peak , which

leaves behind mos t ly bulk ~~~~ and oxygen vacancies.  On T102 heated in 0 ,,

all possible oxygen site s a re  filled, not just  those represent ing 3-coord ina ted

2-0 ; thus , the peak at 5 3 1 . 6  eV grows in magnitude.

B. EXPLANATION OF MoS2 ADHESION

As pointed out in our earlier work , the substrate metal-sulfur bond

strengths , as determined, at least relatively, by substrate me tal sulfide

atomization energies , provide an estimate of the degree of adhesion of MoS2
to be expected on different  metal surfaces. Howeve r , in order  for those

metal-sulfur bonds to form , it is necessary that substrate metal atoms be

accessible to the sulfur atoms of the molybdenum disulfide .
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For metals  suc h as copper , this  access ib i l i ty  pr obab l y a r i s t - s  f rom tin

relative ease with which surface oxygen may be displaced by MoS ,. D u r H e

the burnishing process, high local surface temperatures and pressures c-n l i t

generated. Disruption of copper-oxygen bonds arid formation of copper-

sulfur bonds unde r such circumstances is more likely on surfaces where

oxygen is in fact not as tightly bound as in the case of an oxide , e. g . ,  on a

clean copper surface , whe re the moat commo n oxygen species may be OH.

For metals with a more tenacious surface oxide , e. g . ,  titanium,

surface oxygen vacancies provide reactive sites at which sulfu r and the me tal

catio ns may fo rm bo nds . Metal ions are partially exposed at these sites.

3 C. PREDICTIONS OF MoS2 
ADHESION

Some general information on vacancy formation energies  is available.

This information contributes to a broader understanding of the adhesion

mechanism of MoS2 
on oxide surface s and, therefore, permits prediction of

adhesive behavior.

For example , for oxygen defects to occur in an oxide , the cation should

be stable in states with a valence that is lowe r than the valence foun d in the

oxide .. This requirement arises when an oxygen vacancy is produced 
—

according to the reaction

2+ 1
L-.V0 +~~

.O
2
+2e (1)

(L rep resents the lattice.) In order to preserve charge neutral i ty,  the

electrons combine with cations , at least in a formal sense, according t~~

the expression
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Me
+
~ + e -. 

~~~~~~~~ (2)

;i~~- ox i d e s  idi- i t i f i t ’ l \  • -  -is heil L~ t ) x y ~~L .n • - ~~t C ~ i ~ t e  r i t 1 i~ do ic t i - e d  have

p s s ib I~ icv: e r ca~~1 ) n  : ; t ! e : n t -  5 t , t t t  ~~~. -‘: l i e r i - t - ~ e’ ek- -~ i i i  v h i -j ~ : - /~~en d ( - I - c t : ~

a r t - n ~ p r c ( i ei i r~~ it . & - . i~~. , ~‘-, i (  I , C i i  ,
(J , do t i t . I t  ~h e Jd )( t i n t  ( t ha t  the

l i ~~In - r e x n h i t t n  ~~L a t e -~ et  t in  s - c  ccl  t ed  t h i r d  t r a r i s i t i ’ i~ — r i e s  ~t c e , in ~ rn-ra l ,

more  sI  t i d e r- -! ~~i~ v ’  t o  t h e i r  n\ L- r -~~ic L 1 i  in  ~~~ t t t - S  thdii i t 1 i . ’ ca~, - fur  fi r st —

1 O\\ t r a si t i I i  e t c  -
~~~ i t s .  

14 
i h is  i i i p l i t - s  t~~~ t t  it s~ c o n d — r e v .’ e-:- L iue  such as

/ r O  , should have :t 1- n ~
- r I 

~~~~~~~~~~~~ c a c an cy  c I1CC t t L t t i )fl than  i ts  f i r b t  - r ow

a l a lu i ~ TiO ,, and tha t  M~~~ , shu id t i n t  adhei- e to Z rO  , i~~ well  as it (I - i ’ s  t o

(ct - f e e t )  i . ) . 0 -  r l i m it e d  e :sp ’r i r n e n t a l  daLi on Z r O  , s npp or t  th i s  p r e d i c t i - i

It is reasonable to believe that the format ion  enthalpy o~ both anion and

cation vacancies in an oxide lattice should be related to the enthalpy of

formation of the bulk oxide sinc e all three of these quant i t ies  depend ultimatel~
on the s t rengths  of the meta l-oxygen bonds in the lattice . Such relationships

have been observed and described empi rically. For cation vacancies

~.Hv _ .~ Hf 
— 32 (Kcal/mole ) (3)

Me

and for oxygen vacancies

2(E - 167) (Kcal/rnole) (4)a

whe re ~ Hf is the formation enthalpy of the bulk oxide and E is the atomiza-

tion ene rgy per mole of oxygen. The atomization energy  is the energy

required to transform one mole of oxide to isolated atoms. For an oxide

MeO
x y
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E ! [~~~Hf + xL.] + .~~
. D~ (5)

where L is the vaporization energy of the me tal and D0 is the dissociation
S 2 4

energy of O
~ 

( = 119. 1 KcaI/mole Oz) . In our earlier work , atomization

ene r g ies were calculated per equivalent weight of oxygen , whereas  in Eq. ( 5 ) ,

Ea is the atomization energy per mole , as required b y Eq. (4) .  The facto r of

2 d i f fe rence  is of no real consequence provided that definitions are  applied

consistently. The empirical expressions, Eqs. (3) and (4),  have certain

limitations. They are stated not to be valid for the B subgroups of the

periodi c table and are best applied to the A subgroup s, the transition metals,

and the 4f and Sf rare earths ; they are true only for fully ionized vacancies ,

i. e. ,  at high temperatures. Despite these limitations , the empirical ex-

pressions are  useful to an understanding of departures from stoichiometry

in oxides.

The formation energies of oxygen and cation vacancies and the ratio of

oxygen to cation vacan cy formation energies (denoted by ~
) are presented in

Table II for some oxides in the first transition series. The ratio ~ does not

provide an assessment of the total number of defects present; howeve r , as

~ dec reases , oxygen va can cies become the dominant defect. For a given

element, the oxygen vacancy formatio n energy decreases, whereas the cation

vacancy formation energy increases, i.e., ~ decreases, with increasing

oxygen/metal ratio. In other words, in the higher oxides, oxygen vacancies

are the dominant defect. This result is consistent with the previous statement

-29- 
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Table II. Cation and Anion Vac anc y Formation Energies
in the First Transition Series

AH
V V 0

- .~ a 0 MeOxide AHI a Al-I
(Kcal/mole) (Kcal/mole 0) (Kcal/mole (Kcal /rnole v

vacancies) vacancies)  Me

Ti O - 124. 2 296 258 92 2 .80

Ti203 ~363.5 256 177 166 1 .07

Ti02 
( ru ti le) b 

~225. 8 229 123 194 0.64

VO ~103.2 286 237 71 3.33

V203 
..293. 5 239 145 13 1 1 ,1 1

V
2
0

4 ~~~341 . 1 206 79 155 0.51

v 205b _ 370 .6  183 32 169 0 . 19

Cr 203b _ 2 7 2 .4  214 93 120 0 . 78

Cr02 ~143 178 23 111 0.21

C r 0 3 -140 . 9 136 109

MnO - 92 .07 219 104 60 1 . 72

Mn304 
_331 .7 193 52 100 0.52

Mn203 -229.2 181 27 197 0.14

Mn02 -124.29 1 55 92

Fe 0 - 65 224 114 33 3.46

Fe304 
-267 201 68 78 0.87

Fe203 
-197 192 49 83 0.60

c 0 ob 
- 56.87 218 102 25 4.10

Co 304 -213 189 44 60 0 . 73

N i O b 
- 57 . 3 220 105 25 4 . 16

Ni 203 - 117 .0 167 0 43 0

aF O  National Bureau of Standards TN 270.

bDenotes oxide usually found on the surface of the cor responding  metal .
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that oxygen defects are most likely for those oxides where the cation has

stable lower valence states.

Departures from stoichiometry in oxides are well k nown. 
16 Experi-

mentally, it has been verified that Ti02 (often written TiOz~~~
) is gene rally

an oxygen deficient compound . Oxides of elements toward the end of the

period , e.g., NiO, do not contain oxygen vacancies. They are metal-rich

systems, i.e., interstitial atoms are present. The question of whether or

not these extra metal atoms may have some role in facilitating MoS2 
adhesion

has not yet been investigated. Expressions (3) and (4), and the values of ~~,

calculated from these expressions, are perhaps meaningfully comparable

only for elements within a single row of the periodic chart. If expressions

(3) and (4) are evaluated for second-row elements, both AH
~ 

and
0 Me

are found to be large r than for analogous f i rs t-row oxides. Values of ~ are

comparable.

I 

1’~ 
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V. SUMMARY AND CONCLUSIONS

It was demonstrated previously that the atomization energy of substrate

metal - sulfur bonds provides an e stimate of the degree of adhesion to be ex-

pected when MoS2 is burnished onto different metal surfaces.4 In the pre-

sent investigation, we have extended our earlier work and have exp lained the

role of the surface oxide layer in the adhesion of MoS2. In orde r for substrate

metal-sulfur bonds to form, it is necessary that sulfur have access to the

metal. Our work indicates that ,in the case of some oxides , e. g. ,  copper , bond

formation is accomplished through displacement of that oxygen less tightly

bound than O
2 ....
. For other metals, e.g., ti tanium, sulfur bonds to the sub-

strate metal cations at oxygen vacancies.

The layered structure of MoS2, with its planes of sulfur atoms, undoubt-

edly facilitates the formation of substrate- sulfur bonds. In copper , sulfur atoms

form a bridge between MoS2 and the substrate. The MoS2 -substrate interface

on titanium might best be regarded as an incipient oxysulfide.
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THE IVAN A. GETTING LABORATORIES

The Laboratory Operations of The Aerospace Corporat ion is conducting
experimental and theoretical inve s tig at ion . necessary (or the eval uation and
application of scient i f ic advances to new military concepts and system . . Ver-
sat i l i ty and flexibility have been developed to a high degree by the laboratory
personnel in dealing with the many problems encountered in the nation ’ s rapidly
developing space and missile systems . Expertise in the latest sc ient ific devel-
opments is vital to the accomplishment of tasks related to th ese problems. The
laboratories that contribute to this research are :

Aerophy s ic s Labora !~~y: Launch and reentry aerod ynamics , heat trans-
fer , reentry phys ics, chemical kinetics , structural mechanics , flig ht dynamic s ,
atmosp her ic pollution , and hi gh-power gas lasers.

Chemistry and Physics Laborator y: Atmosp heric reaction, and atmos-
pheric optics, chemical reactions in pol luted atmo s p heres , chemical reaction s
0: exc i ted i.pecies in rocket plume . , chemical thermod ynamics , p lasma and
laser- induced reactions , laser chemistry, propulsion chem istry, space vacuum
and radiation ef fects  on materials, lubrication and surface phenomena , photo-
sensi t ive materials and sensors , hig h precision laser rangi ng, and the appli-
cation of phys ics  and chemistry to problems of law enforce ment and biomedicine.

Electron ics Resear c h Laboratory : Electromagnetic t heory, devices , and
propagation phenomena , including plasma electromagnetic .; quantum electronics .
laser. , and elect ro-optic s ; communication scienc es , applied electronics , semi-
conducting. s o perconducting , and crystal device ph ysics , optical and acoustical
ima ging ; atmosp heric pollution; millimeter wave and far -infrared technology.

Materials Science. Laborator y: Deve !opment of new material.; metal
matrix co mpo si t e. and new forms of cart- ~-n ; test  and evaluation of graphite
and ceramic , in reentry; spacecraft materials and electroni c components in
nuclear ~ eapuns environment; app lication of fracture mechanics to stress cop -
rosi o n and fatigue-induced fractures in structural metals ,

Space Sciences Laboratory : Atmosp heric and ionosp heric physics . radia -
non from t he atmosp here , densit y and composition of the atm osp here. aurorae
and ai rg lo~ - magneto s p heric physic s , cosmic rays , generation and propagation
ol pl asma waves in the magnetos p here; solar physics . et ud ies of solar magnetic
f ie lds - spa re astronomy, x - r a y  astronomy ; the ef fects of nuclear ex plosion. .
magnet ic  stor ms , and solar act iv i ty  on the earth ’ s atmosp here , ionosp herv , and
magnetosp here : the ef fec ts  of optical , electromagnetic , and parti co late radia-
t i ,,n5 in Space Ofl space sys tems .
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adhesion on the oxidized and reduced surfaces is shown in Figs. 5(a) and

5(b), respectively. There is essentially no adhesion of MoS2 on the oxidized

surface (although a few large pieces are evident) , whereas the reduced

surface in the burnished region has substantial MoS2 coverage . It is

diffi cult to see MoS2 on the dark, nearly opaque reduced Ti02 surface unless

it is illuminated by reflected light at a ‘ow angle of incidence. Under these

conditions, the MoS is clearly visible .

Small pieces of Zr02 were available. MoS2 was rubbed on the Zr02
with a “Q_tip” cotton applicator swab. Microscopic examination revealed

absolutely no adhesion of MoS2 on this oxide (the small sizes of the Zr02
pieces precluded both burnishing by our standard technique and XPS

characte ri zation)~
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b
Fig. 5. Photomicrograp hs Illustrating

Differences in Adhesion of
Mo52 on (a) TiO2 Heated in
Oxygen and (b) Ti0 2 Heated in
Hydrogen
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